Background: Prenatal tongue development may affect oral-craniofacial structures, but this muscular organ has rarely been investigated. Methods: In order to document the physiology of prenatal tongue growth, we histologically examined the facial and cranial base structures of 56 embryos and 106 fetuses. Results: In Streeter's stages 13-14 (fertilization age [FA], 28 to 32 days), the tongue protruded into the stomodeal cavity from the retrohyoid space to the cartilaginous mesenchyme of the primitive cranial base, and in Streeter's stage 15 (FA, 33 to 36 days), the tongue rapidly swelled and compressed the cranial base to initiate spheno-occipital synchondrosis and continued to swell laterally to occupy most of the stomodeal cavity in Streeter's stage 16-17 (FA, 37 to 43 days). In Streeter's stage 18-20 (FA, 44 to 51 days), the tongue was vertically positioned and filled the posterior nasopharyngeal space. As the growth of the mandible and maxilla advanced, the tongue was pulled down and protruded anteriorly to form the linguomandibular complex. Angulation between the anterior cranial base (ACB) and the posterior cranial base (PCB) was formed by the emerging tongue at FA 4 weeks and became constant at approximately 124°-126° from FA 6 weeks until birth, which was consistent with angulations measured on adult cephalograms. Conclusions: The early clockwise growth of the ACB to the maxillary plane became harmonious with the counter-clockwise growth of the PCB to the tongue axis during the early prenatal period. These observations suggest that human embryonic tongue growth affects ACB and PCB angulation, stimulates maxillary growth, and induces mandibular movement to achieve the essential functions of oral and maxillofacial structures.
▒ ORIGINAL ARTICLE ▒ Embryonically, tongue development is described as a relatively prompt process: the tongue primordium emerges between fertilization age (FA) 4 and 5 weeks. Unlike maxillary and mandibular structures, the tongue primordium differentiates from the occipital myotome, and the primitive cell cluster of tongue primordium then migrates into the stomodeal cavity. [1] [2] [3] [4] [5] [6] [7] [8] It has been well documented that tongue development has a notable effect on oral cavity development, 2,9-13 and thus, tongue development should be monitored from the early embryonic stage, during which orofacial structures are not fully developed. However, the overall processes of tongue development cannot be monitored using conventional methods, because the tongue is not a uniform organ with a skeletal framework and its development is closely associated with the formation of branchial arches during the early embryonic stage. 11, [14] [15] [16] [17] Nevertheless, a recent trial demonstrated the gene profile of developing tongues in mouse embryos. 18 The book Contribution to Embryology published by the Carnegie Institute has played a pivotal role in the advancement of human embryology. 7, [19] [20] [21] However, somewhat surprisingly, the determination of exact gestational age during early embryogenesis remains a controversial issue. Based on cumulated experience, Streeter 19, 20 introduced the concept of "developmental horizons" to describe the embryonic stage at different gestational ages. Later, O'Rahilly 21 proposed that Streeter's "developmental horizons" be modified for convenience, and that "horizon" and the use of Roman numerals be replaced by "stage" and Arabic numerals, respectively. In the present study, we use Streeter's original classification method as modified by O'Rahilly.
The tongue is innervated by various nerves that subserve muscles, oral mucosa, taste buds, and minor salivary glands. These nerves include the lingual branch of the trigeminal nerve (V), the glossopharyngeal nerve (IX), the chorda tympani branch of the facial nerve (VII), and the hypoglossal nerve (XII), which are distributed to motor components of innervated muscles. 17, 22, 23 In a previous study, we described the sequential prenatal development of the human maxilla, cranial base, and mandible. [24] [25] [26] In addition, we published a book titled Atlas of Human Embryo and Fetus: Embryonic, Anatomic, Histologic and Ultrasonographic Observation that describes human embryonic and fetal growth from the early embryonic period to full term based on studies performed on more than 2,500 Korean subjects. 27 Given the background described above, this study was undertaken to determine whether tongue development is closely related to the development of maxillofacial structures. To achieve this, we performed histological analyses on tongues and adjacent tissues from the early to the late embryonic stage. The preliminary study of human tongue development and growth was reported in 1990, 28 and this study reevaluated previous data for anatomical and dimensional changes of oral and craniofacial structures. Prenatal tongue growth was investigated by measuring the anterior cranial base (ACB) to posterior cranial base (PCB) angle (the so-called saddle angle), the ACB to maxillary plane angle, the tongue axis to PCB angle, and the tongue axis to maxillary plane angle. In addition, these angular measurements were compared with adult values obtained from cephalometric X-ray views. 29 
MATERIALS AND METHODS
For the embryo study, serial sections were prepared from 56 embryos between FA 4 and 8 weeks filed in the Embryonal Serial Section Registry (ESR). For the fetus study, 106 normal Korean fetuses filed in the Registry of Congenital Malformation (RCM) and Children's Hospital for Autopsy (CHA) registry of Seoul National University Hospital (SNUH) were used. These fetuses were confirmed to be normal by complete autopsy, and their ages ranged between gestational age 10 and 41 weeks (Tables 1, 2) . Human embryos and fetuses were used after obtaining consent from the Human Organ and Material Committee of SNUH. 27 Specimens were fixed in 10% neutral formalin and then paraffin-embedded. Sagittal serial sections of a thickness 4 to 6 μm were prepared. When making these sections, head-and-neck size was considered; in smaller cases, the head and neck were serially sectioned, including the tongue, but in larger cases, the tongue was totally extracted from the oral cavity with surrounding structures and sectioned longitudinally at 4 to 6 μm. For light microscopy, specimens were stained with hematoxylin and eosin.
For the analysis of normal adult cephalograms, we selected 30 representative cephalograms of normal subjects that visited Han Bit Clinic in Daejeon city for orthodontic counseling or treatment. All subjects had a normal craniofacial profile and showed no anterior-posterior craniofacial skeletal disharmony. In order to elucidate the developmental role of the tongue, we analyzed tongue positions relative to the facial and cranial base structures. In sagittal sections of microscopic specimens, four developmental planes were traced (1) the ACB plane (from the center of the hypophyseal fossa to the embryonic soft tissue nasion), (2) the PCB plane (the slope of the PCB starting from the center of the hypophyseal fossa), (3) the primary maxillary plane (from the center of the hypophyseal fossa to the most inferior R291, R293, R379, R398, R414, R567, A89-2)  21-22  6 (R299, R326, R422, R738, R1419, A89-54)  23-24  12 (R247, R248, R263, R285, R301, R318, R352, R353,  R437, R727, R733, R736)  25-26  8 (R281, R284, R287, R300, R399, R403, R737, R1483)  27-28  11 (R249, R250, R253, R267, R270, R375, R406, R438,  R506, R739, R1535)  29-30  9 (R259, R309, R316, R349, R388, R390, R409, R429,  R507)  31-32  9 (R252, R297, R303, R311, R358, R362, R382, R424,  R451)  33-34  6 (R266, R289, R366, R407, R416, A80-34)  35-36  4 (R355, R402, R1480, A80-20)  37-38  9 (R298, R347, R354, R361, R364, R365, R389, R451,  A88-76)  39-40  6 (R294, R295 and anterior point of the premaxilla), and (4) the tongue axis (from the foramen cecum of the tongue to the tongue apex). On adult cephalometric X-ray films, these respectively constitute the ACB plane (nasion-sella turcica), the PCB plane (sella turcica-articulare), the maxillary plane (sella turcica to point A), and the tongue axis (foramen cecum of the tongue to the tongue apex). In order to analyze the role played by the tongue in embryogenesis, we measured the angles made by these planes in sagittal sections of histologic specimens and on cephalometric X-ray films. During embryogenesis, tongue growth and development were prominent between FA 28 and 56 days (Streeter's stages, 13 and 23), and thus, we used a grading system for morphogenesis of the tongue described in the literature, 6, 7, [30] [31] [32] [33] which classifies tongue development (TD) into eight stages (Table 3 ).
In TD stage 1 (score 1), tongue primordium aggregates on the medial mandible and bulges on the posterior side of the stomodeum while compressing Rathke's pouch. During this stage, tongue primordium is visualized as a mesial swelling, which forms the tuberculum impar. However, at this stage it is not well demarcated from the first branchial arch.
In TD stage 2 (score 2), the hypoglossal nerve (XII) is distributed into the tongue primordium. As a result, the hypoglossal nerve fibers are observed as thick bundles. The tongue apex is proliferative and bulges to the lateral side to form the central lingual septum. Subsequently, the tongue primordium produces a pair of lateral swellings. The tongue gradually compresses the nasopharynx and grows both superiorly and anteriorly to fill the superior and posterior stomodeal spaces underneath the PCB. Simultaneously, the posterior 1/3 of the tongue and the copula bulge eventually influence formation of the posterior curvature of the PCB. As a result, the apex of the tongue is located at the anterior region of the PCB, i.e., around Rathke's pouch.
In TD stage 3 (score 3), the tongue grows continuously and its apex is located vertical to the posterior region of the nasal cavity. At this time, the dorsal surface of the tongue fills the nasopharynx. While the olfactory placode continues to grow actively and communicates with the posterior nasal cavity, the apex of the tongue is located within the posterior nasal cavity and subsequently attaches to the orifice of the olfactory placode. Meanwhile, extrinsic tongue muscle is rapidly rearranged by myoblast differentiation to create the hyoglossus, genioglossus, and styloglossus muscle groups. In addition, proliferation of the hypoglossal nerve advanced to the distribution of the lingual nerve to the lateral sides of the tongue.
In TD stage 4 (score 4), the tongue changes from a vertical to a horizontal position. Arranged in an orderly concentric manner, the genioglossus muscle is attached to Meckel's cartilage of the mandibular arch and then closely connects with the tongue. Extrinsic tongue muscle fibers of the genioglossus and hyoglossus muscles become thickened but show no cross-striation. The apex remains located at the posterior side of the nasal cavity, and the palatal shelf rapidly proliferates and progresses to the lateral side of the tongue.
In TD stage 5 (score 5), the tongue is positioned horizontally within the oral cavity. The mandibular arch grows in the anterior and inferior directions, and the genioglossus muscle attached to Meckel's cartilage pulls the tongue both anteriorly and inferiorly in order to position the tongue horizontally in the oral cavity. At this time, most palatal shelves proliferate rapidly with mesenchymal swelling to cover the dorsal surface of the tongue, which results in closure of the secondary palate. The extrinsic Lateral swelling of tongue primordium and vertically occupation of the entire stomodeal space. It was elongated into the nasopharyngeal area, which was innervated by the hypoglossal nerve. The copula was formed from a second mesial swelling at the posterior tongue. Horizontal positioning of the tongue: as the mandible grew inferior-anteriorly the tongue was pulled by thick genioglossus muscle inferior-anteriorly. The vertical surface of the tongue was parallel to the palatal shelf. Score 6 (TD stage 6) Protrusion of the tongue on the horizontal plane: indentation by both alveolar ridges at the anterior tongue; cross-striation began to appear in extrinsic tongue muscle. Score 7 (TD stage 7)
Differentiation of tongue muscle: intrinsic tongue muscle developed well and extrinsic tongue muscles were in the state of equilibrium with each other. However, many myoblasts were observed between mature striated muscles. Score 8 (TD stage 8) Maturation of tongue muscle: muscle bundles were thickened with prominent cross-striation; few immature myoblasts were observed.
TD, tongue development.
tongue muscles become prominent; that is, the genioglossus muscle develops extensively in the anterior and posterior regions in a concentric manner, and the hyoglossus and styloglossus muscles thicken. In TD stage 6 (score 6), the tongue protrudes to the anterior region of the oral cavity and attaches to the palatal side of the premaxilla while vertical to the palatal plane within the oral cavity. During forward and backward movement of the tongue, the anterior tongue is indented by intimate attachment to the upper and lower lips. In addition, primitive maxillary and mandibular swellings become dominant in the space between the tongue and the upper and lower lips.
In TD stage 7 (score 7), the cells forming tongue muscles are actively differentiated into intrinsic and extrinsic muscles. In particular, the alignments of extrinsic tongue muscles such as the hyoglossus, genioglossus, and geniohyoid muscles become distinct. The pulling of these muscles anteriorly and posteriorly proportionally positions the tongue within the oral cavity. Furthermore, tongue muscles begin to show cross-striation.
In TD stage 8 (score 8), tongue muscles undergo maturation. Muscle fibers become enlarged with conspicuous cross-striation, and the muscles are closely arranged. Due to forward tongue movement, the anterior tongue shows an indentation formed by the upper and lower lips and maxillary and mandibular arches.
RESULTS

Evaluation of prenatal human TD stages
TD was observed with serial sections of human embryos and in representative sections of fetal tongues and estimated by the 8 TD stages (8 scores) described above and in Tables 3 and 4 .
TD stage 1: Mesial swelling of tongue primordium in the stomodeal cavity
From Streeter's stage 13 (FA, 28 to 30 days), primitive branchial arches were observed around the cervix and became prominent through Streeter's stage 14-15 (FA, 31 to 36 days). These branchial arches were covered with a thin layer of epithelial cells with a mesenchymal cell core (Fig. 1A, B) . In Streeter's stage 15 (FA, 33 to 36 days) the first branchial arch swelled dominantly and became the largest and was demarcated from surrounding tissues. The first branchial arch formed the lower face and gradually bulged. Blood vessels actively proliferated within the first branchial arch, and subsequently, the second, third, fourth, and fifth branchial arches gradually and sequentially bulged. In addition, blood vessel proliferation was observed within these arches. Finally, the cervix was partly outlined.
The tongue primordium was observed on the medial side of the first and second branchial arches, which were arch-shaped from Streeter's stage 13, and primitive mesenchymal cells of the primordium migrated from the inferior to the superior. At this time, the first mesial swelling of the tongue, the tuberculum impar, was seen in the oral cavity. Posteriorly to the mesial swelling, infiltration and proliferation of the thyroid primordium were also noted ( Fig. 2A) . In Streeter's stage 14 (FA, 31 to 32 days), the second and third mesial tongue swellings were clearly seen posterior to the first mesial swelling; these were destined to differentiate into copula (or hypobranchial eminence) and epiglottal swelling, respectively (Fig. 1C) . From Streeter's stage 15 (FA, 33 to 36 days) mesenchymal cells of branchial arches actively migrated distally to differentiate in a uniform direction. Migrating from the occipital myotome to the oral cavity, most of the distally extended mesenchyme of the tongue primordium differentiated into extrinsic tongue muscles. At this time, the mandibular primordium was 
TD stage 2: Lateral swelling of tongue primordium and its vertical occupation of the whole stomodeal cavity
At Streeter's stage 16 (FA, 37 to 40 days), the mandibular primordium of the first branchial arch differentiated into Meckel's cartilage, and Reichert's cartilage was formed within the second branchial arch. A mesial swelling was differentiated into a pair of lateral swellings both anteriorly and superiorly on bilateral sides (Fig. 2B) . Continuously protruding both anteriorly and superiorly and then indistinguishably from mesial swelling, the lateral swelling was separated bilaterally by the lingual septum (Fig. 1D) . In Streeter's stage 17 (FA, 41 to 43 days), copula swelling (hypobranchial eminence) became distinct. This lateral swelling filled the posterior curvature of the pharynx and then proliferated both anteriorly and superiorly (Fig.  1E) . Subsequently, the primitive stomodeal cavity was wholly occupied by the proliferating and protruding tongue (Figs. 1E,  1F, 2C, 2D) (Fig. 1M) . The hyoglossus muscle was arranged between the tongue and hyoid cartilage, the genioglossus muscle was arranged between the tongue center and Meckel's cartilage, and the styloglossus muscle was between the tongue center and the temporal portion of the cranial base. At this time, the mandible was located more posteriorly and was smaller than the maxilla. Accordingly, the tongue protruded vertically and expanded the posterior stomodeal space for nasopharyngeal development (Figs. 1F, 2C ). In Streeter's stage 19 (FA, 47 to 48 days), as the mandible grew anteriorly and inferiorly, the tongue was pulled slightly downward and forward by the anterior portion of the genioglossus muscle (Fig. 2D) . The nasal plate actively proliferated and then communicated with the posterior nasal cavity. The apex of the tongue moved to communicate between the nasal plate and the posterior nasal cavity and began to curve anteriorly, although the tongue body was still located at the proximal site (Fig. 1G) . However, in Streeter's stage 20 (FA, 49 to 51 days), the tongue was widely distended superiorly, anteriorly, and inferiorly (Fig. 2E) . TD stage 3 corresponds to Streeter's stages 18-20 (FA, 44 to 51 days).
TD stage 4: Transitional stage from a vertical to horizontal tongue position
In Streeter's stage 21 (FA, 52 to 53 days) the tongue protruded and elongated within the oral cavity (Fig. 2F) . The mandible was still located more posteriorly than the maxilla. While Meckel's cartilage enlarged, mandible growth was initiated on the lateral side of Meckel's cartilage and then progressed anteriorly and inferiorly. Fibers of the genioglossus muscle became distinct and tracked the tongue to attach to the perichondral mesenchymal tissue of Meckel's cartilage. This process lowered the tongue both anteriorly and inferiorly as illustrated in Fig. 3 . A huge empty space appeared for the nasopharyngeal structure in the posterior stomodeal cavity (Fig. 1H) . In Streeter's stage 22 (FA, 54 to 55 days), the extrinsic tongue muscles appeared much more mature, and the genioglossus muscle fibers previously attached to Meckel's cartilage migrated anteriorly to the posterior side of the mandible (Fig. 1N) . Accordingly, the arrangement of the genioglossus muscle fibers attached to the tongue center became concentric and distinct. Moreover, the arrangement of hyoglossus muscle cells became distinct and hyoglossus muscle fibers actively proliferated. At this time, the genioglossus muscle pulls the tongue both anteriorly and inferiorly. As a result, the tongue was rapidly lowered in the same direction and located in transition between the vertical and horizontal positions (Figs. 1I, 2G ). TD stage 4 corresponds to Streeter's stages 21-22 (FA, 52 to 55 days).
TD stage 5: Horizontal positioning of the tongue in the oral cavity
In Streeter's stage 23 (FA, 56 days), the tongue was lowered both anteriorly and inferiorly and located on the horizontal plane. However, the mandible was still shifted slightly posterior to the maxilla. Accordingly, the tongue apex was attached to incisive papilla of the premaxilla. In addition, the lower lip was seen within the oral cavity. The palatal shelf rapidly proliferated and gradually closed as the nasal septum grew downward to result in nasal cavity formation (Fig. 2G) . Tongue muscle cells were arranged in a relatively harmonious manner; the genioglossus, hyoglossus, styloglossus, and geniohyoid muscles were clearly distinguishable. Nevertheless, no cross-striation was observed in these muscles at this stage. In particular, genioglossus muscle growth became prominent both anteriorly and posteriorly, and the arrangement of the posterior genioglossus muscle fibers, which track the tongue both anteriorly and inferiorly, became notable in the center of the tongue (Fig. 1I) . Subsequently, a large space for the nasopharynx was generated (Fig.  2G) . At the same time, the spheno-occipital synchondrosis became active and enlarged, producing an anteroposterior cranial base angle, which eventually formed the roof of the nasopharynx.
At gestational age (GA) 10 weeks, growth of the nasal capsule gradually progressed. Accordingly, the nasal septum was inferiorly enlarged. The anterior part of the nasal septum fused with the premaxilla to form the primary palate. Meanwhile, the posterior part of the nasal septum grew progressively. The lowered palatal shelf migrated from the posterior part to the dorsal side of tongue and was positioned horizontally (Figs. 1J, 2H) . Subsequently, the palatal shelf rapidly enlarged and formed the secondary palate by fusing with the nasal septum, which was inferiorly growing from the prechordal mesoderm. TD stage 5 corresponds to Streeter's stage 23 (FA, 56 days; GA, 10 weeks).
TD stage 6: Protrusion of the tongue in the horizontal plane
At approximately GA 11 weeks, mandibular growth was more advanced than maxillary growth, resulting in the two being at almost the same level. As the tongue was located in the horizontal plane, its forward movement gradually progressed (Fig. 2I) . The tongue apex was attached to incisive papilla of the premaxilla. Growth of the mandible became prominent and the mandible body was enlarged on the lateral side of Meckel's cartilage, from which it gradually separated. The growth of mandibular bony trabeculae progressed laterally (Fig. 1K) . Insertions of digastric and mylohyoid muscles were completely changed from Meckel's cartilage to the mandible. The lower lip was located posterior to the upper lip and closely associated with the tongue apex, causing an indentation in the anterior tongue. On the other hand, the nasal septum continued to proliferate inferiorly. Meanwhile, the nasal septum was involved in the formation of the vomer, a plate-like structure posterior to its anterior part, and subsequently associated with the formation of the hard palate by fusing with the palatal shelf. Moreover, the posterior extended tissue of the palatal shelf formed the soft palate as it fused with the nasal septum without any communications. Finally, the soft palate covered the anteriorly located tongue root. TD stage 6 corresponds to GA 11 weeks.
TD stage 7: Differentiation of tongue muscle cells
At around GA 3 months, when facial muscles are not welldeveloped, the genioglossus and hyoglossus muscles were found to exhibit bundle-like arrangements of muscle fibers with conspicuous cross-striation (Fig. 1O) . In the tongue, the hyoglossus, genioglossus, styloglossus, and glossopalatinus muscles are classified as extrinsic muscles; at the hyoid bone, mandible, and cranial base, they are classified as the geniohyoid, mylohyoid, and stylohyoid muscles, respectively (Fig. 1L) . At approximately GA 4 months, the tongue muscles were well developed and subsequently enlarged. Intrinsic tongue muscles were not well developed until approximately GA 5 months. TD stage 7 corresponds to GA 3-5 months.
TD stage 8: Maturation of tongue muscle
After GA 6 months, tongue muscle growth became prominent, muscle fibers were enlarged, and cross-striation was clearly observed. The fascicles of the extrinsic tongue muscles were tightly connected, and the development of intrinsic muscles became prominent. Thus, they were distinguishable from extrinsic muscles. At approximately GA 8 months, tongue muscle maturation was almost complete. At this time, cross-striation was clearly observed and muscular fascicles became thicker with few undifferentiated myoblasts (Fig. 1O) . TD stage 8 corresponds to the period from GA 6 months.
Formation of the lingual frenum
In Streeter's stage 19, the tongue was superiorly directed to the nasal cavity, and in Streeter's stage 23, it was anteriorly tracked by mandible growth and the genioglossus muscle. At this time, mucosa located anterior to the genioglossus muscle was much extended, and a thin membranous structure was formed on the ventral surface (termed the lingual frenum) (Fig. 4A, B) . Until GA 10 weeks, the lingual frenum was covered with thin oral mucosal epithelium, and it contained only a small amount of connective tissue and subsequently fused to the lingual septum (Fig. 4C) . The tongue apex migrated both anteriorly and inferiorly after GA 11 weeks. At approximately GA 12 weeks, mus- (Table 5) ; anterior cranial base (ACB) to posterior cranial base (PCB) angle, ACB-maxillary plane angle, PCB-tongue axis angle, and maxillary plane-tongue axis angle.
cle fibers of the external tongue muscles were more matured, and at this stage, the tongue performed forward and backward movements in the horizontal plane. The membranous lingual frenum became the anterior margin that supported forward and backward movements of the tongue (Fig. 4) .
Relations between the cranial base and facial structures
ACB plane to PCB plane angle (Saddle angle)
The angle between the ACB and PCB planes constitutes a basic craniofacial structure and was almost flat (180°) in Street- er's stage 13 before the tongue pressed the cranial base ( Fig.  2A) . The tongue migrated from the occipital myotome to the stomodeal cavity and pressed the hypophyseal fossa area to form this angle, which reduced in accordance with FA. In Streeter's stage 17, this angle was about 160°, and in Streeter's stage 19 it reduced from 120° to 130° to reach 124° to 126° in Streeter's stage 23. We observed that this value was maintained at FA 21 weeks in histological sections and was similar in adult cephalograms. The mean saddle angle obtained by the cephalogram tracing of 30 normal adults was 116° to 131° with a mean of 124.8°, which is comparable to other reports that the saddle angle of normal adult men and women are 124° ± 5° and 126° ± 5°, respectively. Therefore, we presume that this saddle angle almost matures during the early prenatal period (at FA 8 weeks) due to compression by the emerging tongue (Fig. 5A) .
ACB plane to maxillary plane angle
The ACB to maxillary plane angle represents facial clockwise growth. It was almost rudimentary at FA 4-5 weeks, but as the premaxilla grew downward from late during the fifth FA week, the ACB to maxillary plane angle increased to 32° to 52°. This angulation was conspicuously observed in the mid-sagittal sections of embryos and early fetuses until GA 12 weeks. However, in the cephalograms of 30 normal adults, the ACB plane to maxillary plane angle averaged 40.5° to 51.5° (Fig. 5B) .
Tongue axis to PCB angle
The tongue axis to PCB angle is an important factor of facial counter-clockwise growth; it was almost negative when the tongue emerged at FA 4-5 weeks, but thereafter as the tongue protruded forward, this angle gradually became positive and increased to 47° at FA 8 weeks. The tongue axis and PCB angle were relatively stable at 43° at GA 12 weeks and remained almost constant until GA 21 weeks. In the cephalograms of 30 normal adults, the tongue axis to PCB plane angle ranged from 42° to 72.5° with an average value of 58.3° (Fig. 5C) .
Tongue axis to maxillary plane angle
Angulation between the tongue axis and the maxillary plane was observed from FA 5 weeks at 110°. As the tongue grew forward and downward and the tip of the tongue gradually fixed to the premaxilla, the tongue axis to maxillary plane angle became approximately 48° from the FA 8 weeks and then remained constant until GA 21 weeks. In the cephalograms of 30 normal adults, the tongue axis to maxillary plane angle ranged from 32.5° to 53.5° with an average value of 43.7° (Fig. 5D) . Relations between the tongue and craniofacial structures are summarized in Table 5 .
DISCUSSION
According to Moore (1982) , 14 the tongue primordium bulges late during the fourth FA week, and one mesial swelling and two lateral swellings proliferate while the tongue protrudes into the oral cavity. In the present study, we investigated the locations of TD with respect to overall maxillofacial structures, and we noted that the tongue and mandibular primordium were severely retruded as compared with the maxillary primordium. 16, 34, 35 In particular, the origin of TD was located in the pharyngeal region and proliferation was rapid and resulted in compression of the inferior part of the PCB. This expanded the pharyngeal region and then affected the complete osteogenesis of the cranial base 25, 28 and secondary palate, 34, [36] [37] [38] in time for the formation of the spheno-occipital synchondrosis. Trenouth 39, 40 examined the fetal growth and development of the maxilla and mandible and found mandibular protrusion is obvious between GA 8 and 10 weeks, and that thereafter, the maxillary protrusion appears while the naso-maxillary segment enlarges. At the same time, the mandible grows anteriorly and inferiorly in harmony with maxillary growth. Diwert 34 stressed that chondrocranium and Meckel's cartilage determine the locations of cranial base angulation and maxilla during the late fetal stage when early skeletal structures are formed. Our results showed cranial base angulation is closely associated with lingual swelling and vertical positioning of the tongue.
At approximately FA 8 weeks, mandibular growth, centered by Meckel's cartilage, pulls the tongue downward and forward, while growth of Meckel's cartilage is greatly increased. Our results showed that the tongue is transposed from the vertical to the horizontal axis from FA 7 weeks to the early eighth week (Streeter's stages, [20] [21] [22] [23] . At this time, the muscle cells forming the tongue muscles are premature. Between GA 10 and 12 weeks, protrusion of the tongue was noted while extrinsic tongue muscles were arranged in a harmonious manner. Furthermore, cells forming extrinsic muscles were progressively differentiated and cross-striation was observed, which suggests that forward and backward movement of tongue was initiated.
Humphrey 35, 41, 42 proposed that opening and closing movements are caused by masseter and temporal muscle reflexes at approximately GA 12 weeks and suggested that prompt mandibular growth in the early embryonic stage is due to the intraoral appearance of the tongue and to the opening and closing movement. Our results show that TD progressed much faster than maxillofacial structural growth. To determine whether the developing tongue is associated with its adjacent branchial arches, we performed a histologic analysis to examine nerve distributions in serial sections. This analysis revealed that tongue muscles were closely related to masticatory and facial muscles and indicated that the earlier maturations of tongue muscles rather than facial musculature substantially affected the growth and development of maxillofacial structures. The present study demonstrates that the embryonic tongue originates from the occipital myotome, actively migrates into the stomodeal cavity through the retrohyoid space, and gradually swells beneath the primordial mesenchyme of the cranial base to form the angulation between the ACB and PCB. Furthermore, this angulation occurred rapidly, and the swollen tongue was directed perpendicularly to the angulation point. Subsequently, Rathke's pouch invaginated into the center of the sphenoid body, and thus, we propose that the swelling of embryonic tongue is related to angulation of ACB and PCB and to the formation of Rathke's pouch. In addition, we confirmed that the ACB-PCB angle matured at FA 8 weeks and then remained almost constant until full term and during postnatal life.
It has been reported that the developing tongue adjusts to functional changes during the postnatal stage. 43 In patients with acromegaly, mandibular prognathism is rarely accompanied by a change in tongue size, but tongue size is greatly reduced in Beckwith-Wiedemann syndrome. [44] [45] [46] However, in Down syndrome, muscular dystrophy is accompanied by tongue enlargement, 47 which could compress the pharynx and lead to mandibular prognathism. 48 Furthermore, it is well known that tongue enlargement occurs rapidly in Down syndrome patients who have a reduced number of teeth. 47 Our results showed that TD affects the development of maxillofacial structures such as the maxilla, mandible, nasal cavity, pharynx, and larynx, either directly or indirectly. Because TD is one of the earliest events that progresses through the fetal stage, it can be inferred that the developmental rate of maxillofacial structures should be evaluated with reference to TD. As noted above, in the early embryonic stage, the tongue grows while it fills the pharynx, protrudes upward, and compresses the cranial base.
TD cannot be easily explained by its associations with other maxillofacial structures because its development involves its migration from the occipital myotome, which is unlike that of prechordal mesoderm or branchial arches of the cervix that form maxillofacial structures. 6, 7 In addition, the tongue is innervated by major cranial nerves. The lingual branch of the trigeminal nerve (V) is distributed in mucosa at the tongue anterior, the chorda tympani branch of the facial nerve (VII) is distributed among taste buds in the anterior region, the glossopharyngeal nerve (IX) distributes to mucosa in the posterior region, branches of the vagus nerve (X) are distributed in laryngeal constrictor muscle, and the hypoglossal nerve (XII) is distributed as a motor component in the skeletal muscles constituting tongue tissues. 6, 7, [49] [50] [51] [52] [53] From early embryogenesis, the tongue is imbued with a wide variety of innervated cells, and thus, TD is influenced by the regulation of interactive functional reflexes, and this eventually affects the growth and development of maxillofacial structures.
In the present study, we examined lingual frenum formation during the embryonic period and defined the lingual frenum as a structure that supports anterior to posterior movement of the tongue. At the beginning of TD, the lingual frenum is a thin membranous covering of stomodeal mucosa that is gradually connected with the lingual septum centered by intrinsic tongue musculature. Previously, we supposed fibrous thickening of the lingual frenum in postnatal life limits tongue movement and results in ankyloglossia and designed a lingual myoplasty that differed from ordinary frenectomy to reduce the range of tongue movement. 28, 54, 55 However, the present study demonstrates that the lingual frenum is produced as a result of positional changes of the embryonal tongue and that it functions as a reserved space for anterior extension of tongue movement.
In the present study, TD has been described as an 8-stage event involving mesial swelling of the tongue primordium, lateral swelling of the tongue within the oral fossa, vertical protrusion of the tongue, tongue transposition, horizontal location, anterior location, muscle differentiation, and tongue muscle maturation. Importantly, TD precedes that of other maxillofacial structures, and thus, changes in tongue position could be regarded as primary events of maxillofacial growth and development. In addition, because tongue muscles, masticatory muscles, and facial muscles move continually during fetal development, it is likely that the effects of the tongue on other maxillofacial structures continue even after birth. This suggests the tongue is an important organ that plays critical roles in the development of adjacent maxillofacial structures, such as the oral and nasal cavities, pharynx, and maxilla, and that abnormal TD might be related to congenital maxillofacial anomalies.
In summary, TD as observed during the present study indicates that the human tongue develops at an early embryonic age, that is, at approximately Streeter's stage 13 (FA, 28 to 30 days) as an anterior extension of the occipital myotome, which is earlier than that of any other orofacial structure, and that the tongue continues to develop and affects the formation of the cranial base, jaws, and nasopharyngeal structures. In our opinion, the morphogenetic impact of the tongue on craniofacial structures is substantial enough to affect the anatomy and essential functions of oro-facial structures. However, the extents of these changes and the mechanisms involved remain to be elucidated.
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